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Abstract
241 heat transfer measurements for R254fa were conducted. The heat transfer
coefficient was determined for a smooth stainless steel tube with an inner tube
diameter of 3 mm. The experiments were conducted for five mass fluxes (100,
300, 500, 700 and 1000 kg/(m2·s)), three heat fluxes (10, 30 and 50 W/m2) and
at three saturation temperatures (40 ◦C, 70 ◦C and 125 ◦C). The experiments
were used to determine the influence of the saturation temperature, mass flux,
heat flux, vapour quality and flow regime on the heat transfer coefficient.
At a low saturation temperature, the heat transfer coefficient increases with
an increasing mass flux. However, at a high saturation temperature the heat
transfer coefficient decreases with an increasing mass flux. Furthermore, the
heat transfer coefficient increases with increasing vapour quality at a low satu-
ration temperature. On the contrary, the heat transfer coefficient decreases at
higher saturation temperatures.
Due to the fact that most heat transfer models found in literature are de-
veloped for low saturation temperatures and one flow regime, the heat trans-
fer coefficients predicted by the existing models do not comply very well with
the experimental data. Thus, a new heat transfer correlation for R254fa was
proposed. The new correlation has a Mean Absolute Error of 11.7% for the
experimental data of a tube with an inner tube diameter of 3 mm. Finally, this
new correlation was also verified with R245fa datasets of other authors.
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1. Introduction
The use of Organic Rankine Cycles (ORCs) can help us to reduce the global
CO2-emissions. ORCs convert low-grade heat into mechanical energy. Some
typical applications of ORCs are waste heat recovery and producing electricity
of geothermal energy, solar energy or biomass [1, 2]. An ORC is a Rankine cycle
which uses an organic fluid instead of steam. A typical example of an organic
fluid used in ORCs is R245fa [3, 4].
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A Rankine cycle consists of 4 components: a pump, an evaporator, an ex-
pander and a condenser. The pump pressurises the liquid working fluid. This
pressurised liquid is then evaporated at a high temperature in the evaporator.
Next, the organic vapour is expanded over the expander which produces me-
chanical energy. Finally the vapour is condensed in the condenser. In order
to size the evaporator of an ORC correctly, a good heat transfer correlation
is needed. If the evaporator is not sized correctly, this will either impair the
ORC’s performance or increase the construction cost [5].
In literature a large variety of heat transfer correlations exist [6, 7, 8, 9]. Each
correlation is based on experimental data within a certain range of working
conditions. Hence, it is not certain if the correlation will work outside this
range. Charnay et al. [10] compared his experimental results (R245fa) with
existing heat transfer correlations. None of the tested existing heat transfer
correlations could predict the heat transfer coefficient very well at the high
saturation temperatures relevant for ORCs according to the authors.
The aim of this work is to present unpublished experimental heat transfer
measurements of R245fa in a tube with an inner diameter of 3 mm. These
measurements expand the dataset of Charnay et al. [11]. Further, the influence
of the saturation temperature, mass flux, heat flux and vapour quality on the
heat transfer coefficient was analysed. Finally a new heat transfer correlations
was proposed.
2. Experimental setup
The experimental setup and its validation is described more detailed in [12,
11]. A short summary is given here for completeness. The experimental setup
was designed to test R245fa at a saturation temperature of 40 ◦C to 130 ◦C.
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Figure 1: A schematic representation of the experimental setup. (T = temperature measure-
ment; P = pressure measurement)
Figure 1 shows a schematic representation of the experimental setup. R245fa
is pumped through a filter/dryer, a Coriolis flowmeter, a micro-valve, a test sec-
tion and a condenser. The micro-valve is used to avoid oscillation when boiling
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starts in the test section. Furthermore, the mass flow rate is controlled by
the micro-valve together with a frequency-controlled pump and a bypass valve.
The circuit also contains a temperature controlled reservoir which allows to set
the saturation pressure inside the experimental setup. The whole experimental
setup is controlled by a computer using Labview.
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Figure 2: A detailed schematic diagram of the test section. (T = temperature measurement;
P = pressure measurement; ∆V = DC power supply with voltage and current measurement)
Figure 2 shows a detail of the test section. The test section consists of
a preheater, an evaporator and a visualisation section. The preheater heats
up the subcooled liquid to the required vapour quality. The preheater is a
2000 mm-long spirally-shaped stainless steel tube. The actual heat transfer and
adiabatic pressure drop measurements are conducted in the evaporator. The
evaporator is a 185 mm-long stainless steel tube. The inner and outer diameter
of both tubes are respectively 3.00 mm and 5.99 mm. Both the preheater and
the evaporator are heated using the Joule effect. To electrically insulate both
sections from each other and the rest of the circuit, PEEK-resin tubes are used
to connect the tubes. The temperatures at the in- and outlet of the preheater
are measured by two K-type thermocouples (Dj = 0.5 mm). The bottom- and
top-wall temperatures are measured at six positions along the evaporator by
K-type thermocouples (Dj = 80µm). The same thermocouples are also used to
measure the top-wall temperature at the in- and outlet of the evaporator. The
differential pressure over the evaporator is measured by 3 in-range-overlapping
pressure sensors.
The visualisation section at the end of the test section is used to visually
determine the flow regime using a high speed camera. The images are post-
processed using a Matlab algorithm. The glass tube has respectively an inner
and outer diameter of 2.96 mm and 5.95 mm.
2.1. Test procedure
The experiments where conducted with R245fa for five mass fluxes (100,
300, 500, 700 and 1000 kg/(m2·s)), three heat fluxes (10, 30 and 50 W/m2) and
at three saturation temperatures (40 ◦C, 70 ◦C and 125 ◦C). These experiments
expand the temperature range of the dataset of Charnay et al. [11] (60 ◦C -
120 ◦C).
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Table 1: Overview of the experimental uncertainty of the experimental setup.
Parameter TestRange Uncertainty
di [mm] 3 ±0.03
do [mm] 5.99 ±0.03
Levap [mm] 185 ±0.1
q˙ph [kW/m
2] 0.5 - 20 ±1.2 - 5.6 %
q˙evap [kW/m
2] 10 - 55 ±2.2 - 4.6 %
Tsat [
◦C] 40 - 125 ±0.3 - 0.8
G [kg/(m2·s)] 100 - 1500 ±2 %
x [-] 0 - 1 ±0.001 - 0.03%
α [kW/(K·m2] 0.6 - 27.6 ±max: 36 % avg: 17 %
The error propagation used in this work is based on the book of Taylor [13].
An overview of the experimental uncertainty of the measurements is given in
table 1.
α¯1 =
q˙evap
T¯wall − Tsat (1)
α¯2 = mean
(
q˙evap
Twall − Tsat
)
(2)
In this work the average heat transfer coefficient is given by equation 1. In
equation 1, T¯wall is the average wall temperature measured around the perime-
ter. Some authors [14] average out the different local heat transfer coefficients
determined at the perimeter (equation 2).
In most cases, both definitions give similar results considering the uncer-
tainty. However, when the difference between the wall temperatures at different
positions around the perimeter increases, the results of both definitions start
to deviate significantly. Furthermore, when the temperature difference between
the wall and the saturated fluid decreases, the deviation gets larger. Hence, in
the case of stratified flows or partial dry-out it is important to mention which
definition is used.
3. Results and discussion
3.1. Stratification at high saturation temperatures
For small tube diameters, stratification of the two phases is often suppressed
[15] due to the large capillary force. The tendency of stratification is often ex-
pressed using the Eo¨tvo¨s number (Eo) given in equation 3. The Eo¨tvo¨s number
expresses the ratio of the gravitational force to the surface tension force. For
R245fa, the Eo¨tvo¨s number increases more rapidly starting from a saturation
temperature of 110 ◦C.
Eo =
(ρl − ρg) gd2i
σ
(3)
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Figure 3: The wall temperature measured at the top and bottom of the tube as a function
of the vapour quality for different saturation temperatures. The heat flux at the wall is
54 kW/m2 and the mass flux is 100 kg/(m2·s). (circle = intermittent flow; square = annular
flow)
During the experiments, stratification also occurred at high saturation tem-
peratures as seen in figure 3. Due to the stratification, there is a much thinner
liquid film at the top of the tube. This thin film suppresses nucleate boiling
which is a very important factor at high heat fluxes and low mass fluxes. Note
that nucleate boiling occurs at the bottom part of the tube, in the liquid film
which enhances the heat transfer mechanisms. Hence, the top tube wall tem-
perature is much higher than the bottom wall temperature due to the lower
local heat transfer coefficient.
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
2.5
3 x/10
4
Vapour/quality/[−]
H
ea
t/t
ra
ns
fe
r/c
oe
ffi
ci
en
t/[
W
/7m
2 ⋅
K)
]
intermittent/flow
annular/flow
125/°C
70/°C
40/°C
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
2.5 x(10
4
Vapour(quality([−]
H
ea
t(t
ra
ns
fe
r(c
oe
ffi
ci
en
t([
W
/Cm
2 ⋅
K7
]
intermittent(flow
annular(flow
dry-out(flow
125(°C
70(°C
40(°C
(a) G =300 kg/(m2·s) (b) G =700 kg/(m2·s)
Figure 4: The heat transfer coefficient as a function of the vapour quality for different satu-
ration temperatures and a heat flux of 54 kW/m2.
3.2. Influence of saturation temperature
In general the heat transfer coefficient increases with increasing saturation
temperature as shown in Figure 4a. With increasing saturation temperature,
the vapour density increases, the liquid density decreases and the surface tension
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Figure 5: The heat transfer coefficient as a function of the vapour quality for different heat
fluxes at saturation temperature of 40 ◦C.
decreases for R245fa. This results in an increasing contribution of nucleate boil-
ing to the total flow boiling heat transfer due to a decreasing bubble detachment
radius and an increasing number of nucleation sites [16]. Hence, more bubbles
will be formed and they will detach faster from the wall surface, enhancing the
nucleate boiling heat transfer. Moreover, the decrease of vapour density with
increasing saturation temperature reduces the flow velocities, reducing the con-
vective contribution to the heat transfer. In general one can conclude that the
nucleate boiling heat transfer mechanism gains in dominance with increasing
saturation temperature.
However, if both the mass flux and the vapour quality are very high (see
Figure 4b) previous conclusion is no longer valid. In this case, the heat transfer
coefficient decreases with increasing saturation temperature. The high vapour
quality thins the annular liquid film and decreases the wall superheat. This
leads to a decreasing number of active nucleation sites [17] which is detrimental
for the nucleate boiling heat transfer mechanism. Hence, the convective heat
transfer mechanism will be the dominant one in this case. Furthermore, the
increasing vapour density with increasing saturation temperature lowers the
convective heat transfer. Together this explains the trend seen in Figure 4b.
3.3. Influence of heat flux
Figure 5a, 5b and 6 show that in general the heat transfer coefficient increases
with increasing heat flux in the pre-dry-out region. Due to the higher heat flux,
the contribution of nucleate boiling increases. During dry-out the liquid film
at the wall disappears and thus also the heat transfer due to nucleate boiling.
This explains also the sudden drop in Figure 6.
In general, the increase of the heat transfer coefficient with heat flux also
reduces with increasing vapour quality. At higher vapour qualities, the convec-
tive heat transfer mechanism becomes more dominant and the nucleate boiling
mechanism is reduced. Hence, at high vapour qualities there is a smaller effect
of the heat flux on the heat transfer coefficient.
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Figure 6: The heat transfer coefficient as a function of the vapour quality for different heat
fluxes at saturation temperature of 125 ◦C and a mass flux of 500 kg/(m2·s).
In Figure 5a (low mass flux), the nucleate boiling is the dominant heat trans-
fer mechanism because the heat transfer coefficient does not change significantly
with the vapour quality. The increasing vapour quality thins the liquid layer at
the wall which reduces the number of nucleations sites due to an decrease in wall
superheat. On the other hand, the contribution of the convective heat trans-
fer mechanism increases but this increase is not large enough to compensate at
higher saturation temperatures were nucleate boiling is dominant.
3.4. Influence of mass flux
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Figure 7: The heat transfer coefficient as a function of the vapour quality for different mass
fluxes and a heat flux of 32 kW/m2.
Figure 7a and 7b show the influence of the mass flux on the heat transfer co-
efficient at respectively a low (40 ◦C) and high (125 ◦C) saturation temperature.
At the low saturation temperature (Figure 7a), the heat transfer coefficient in-
creases with increasing mass flux. However, the opposite is noticed at a high
saturation temperature (Figure 7b). Furthermore, at a low saturation temper-
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ature, the increase with increasing mass flux gets larger for increasing vapour
quality.
Previous results suggest that the main heat transfer mechanism is respec-
tively convection and nucleate boiling at a low and a high saturation tempera-
ture. The same conclusion was also found by Charnay et al. [11].
An increasing mass flux and vapour quality results in a increase of the flow
velocity. Furthermore, the liquid film becomes thinner with increasing vapour
quality. Both the increased flow velocity and the lower thermal resistance of
the liquid film result in an increase of convective heat transfer. On the other
hand, the thinner liquid film also lowers the superheat of the liquid film which
is adversely for nucleate boiling [18, 19].
When nucleate boiling is the dominant heat transfer mechanism, the increase
of the convective contribution to the heat transfer cannot compensate for the
decrease of the nucleate boiling contribution.
3.5. Influence of vapour quality
At low saturation temperature (Figure 5b), an increase of the heat transfer
coefficient with increasing vapour quality is noticed due to the increase of con-
vection. However at a high saturation temperature (Figure 6), the heat transfer
coefficient decreases with increasing vapour quality. The increasing vapour qual-
ity suppresses the nucleate boiling which is the dominant heat transfer mech-
anism at high saturation temperatures. The liquid film becomes thinner with
increasing vapour quality. The thinner liquid film lowers the superheat of the
liquid film which is adversely for nucleate boiling [18, 19].
At low saturation temperatures, the heat transfer coefficient increases more
strongly with increasing vapour quality if the mass flux increases. However, at
high saturation temperatures, the combined effect of vapour quality and mass
flux is not noticeable, except in the intermittent flow regime (Figure 7b).
3.6. Heat transfer correlation
Charnay et al. [10] reported that none of the 29 existing heat transfer cor-
relations they tested, worked well for predicting the results at high saturation
temperatures (120 ◦C). The best correlation found by these authors was the
correlation of Choi et al. [20]. This correlation is based on the correlation of
Chen et al. [21]. In this work, the dataset of Charnay et al. [10] is expanded
with new measurements using the same experimental setup. The measurements
with an uncertainty larger than 20% are discarded from the combined dataset
and only the measurements at the end of the test section are kept (i.e. the
measurements from the last set of thermocouples in the test section).
The combined dataset is compared with the correlation of Choi et al. [20]
in Figure 8. Typically the goodness of fit is expressed as a mean absolute error
(MAE) or mean relative error (MRE).
MRE =
1
n
n∑
i=1
(
αpred,i − αexp,i
αexp,i
)
(4)
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Figure 8: Performance of the correlation of Choi et al. [20] for the combined dataset (dataset
of Charnay et al. [11] and new experiments) for Annular and Intermittent flow
MAE =
1
n
n∑
i=1
∣∣∣∣αpred,i − αexp,iαexp,i
∣∣∣∣ (5)
In Figure 8 no distinctive difference in fitting quality between different satu-
ration temperatures can be seen as stated by Charnay et al. [11]. However, there
is a difference between the annular and the intermittent flow. The correlation
of Choi et al. [20] overpredicts the annular flow experiments on average by 11%
and underpredicts the intermittent flow experiments on average by 1.5%. To
correct this, a new correlation is proposed. A flow regime dependency will be
added to the correlation of Choi et al. [20].
The new correlation (equation 6) is a weighted average of the heat transfer
coefficient of an annular flow and the one of an intermittent flow. This weighted
average keeps the correlation smooth across the flow regime boundaries.
α = (P [A]) (SA αnb + FA αcb) (6)
+ (1− P [A]) (SI αnb + FI αcb)
The weighing is accomplished using the probability of the flow being annular
(P [A]). This probability is calculated using the probabilistic flow pattern maps
of Canie`re et al. [22] (equations 7 to 8).
Frl =
G2
ρ2l · g · d
= C (Xtt)
n
(7)
n = −0.618 (P [A])2 + 0.6975 P [A] + 2.504 (8)
Xtt =
(
1− x
x
)0.9 √
ρg
ρl
(
µl
µg
)0.1
(9)
C = 14.27 P [A] + 2.315 (10)
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For both the annular and intermittent flow, the heat transfer coefficient for
nucleate boiling (αnb) is calculated using the correlation of Cooper [23].
αnb = 55 q˙
0.67 p0.12r M
−0.5 (− log (pr))−0.55 (11)
Further, the heat transfer coefficient for convective boiling (αcb) is calculated
using the correlation of Dittus and Boelter [24] for both flow regimes.
αcb = 0.023
kl
di
(
G (1− x) di
µl
)0.8 (
Cp,l µl
kl
)0.4
(12)
Table 2: The coefficients of the flow enhancing and boiling suppression factor for an annular
and intermittent flow.
a1 a2 a3 a4 a5 a6
I 0.95 0.05 1 7.2694 0.0094 0.2814
A 0 0.33 0.654 9.48 −0.072 0.3003
For both the annular flow and intermittent flow, the flow enhancing factor
F and the nucleate boiling suppression factor S are calculated using equations
13 and 14, respectively. The parameters ai are found in table 2 for both the
intermittent flow and the annular flow. The parameters ai for the intermittent
flow are the same as the original version of Choi et al. [20]. The ones for the
annular flow are found by fitting the combined dataset.
F = a1 + a2
(
φ2
)a3
(13)
S = a4
(
φ2
)a5
Boa6 (14)
Bo =
q˙
G hlg
(15)
φ2 = 1 +
C ′
X
+
1
X2
(16)
C ′ =

5 Rel ≤ 1000 and Reg ≤ 1000
10 Rel ≥ 2000 and Reg ≤ 1000
12 Rel ≤ 1000 and Reg ≥ 2000
20 Rel ≥ 2000 and Reg ≥ 2000
interpolation other
(17)
X =
(
µl
µg
)1/8 (
1− x
x
)7/8 √
ρg
ρl
(18)
Before the parameters ai are determined by fitting the combined dataset,
there is checked for both flow regimes if all coefficients are significant. The
combined dataset is split up according to the flow regime determined using the
high speed footage. For both flow regimes the parameters ai of the original
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correlation of Choi et al. [20] are refitted. Then one parameter at a time was
varied and kept constant while the other parameters were refitted. The result is
is shown in Figure 9. The figure gives one minus the Coefficient of determination
(r squared value) as a function of the parameter which was kept constant.
In case of the annular flow all coefficients are important because the best
fit cannot be reached with a random value for one of the parameters. For
the intermittent flow, parameter a3 is not significant because the goodness of
fit does not change with the change of parameter a3. Due to the weighted
average used in the final correlation, there was chosen to keep parameter a3 in
the intermittent part of the new correlation. The intermittent part of the new
correlation will still have a large influence if the flow is for example 60% annular
according to the probabilistic flow pattern maps of Canie`re et al. [22].
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Figure 9: One minus the Coefficient of determination of the original correlation of Choi et
al. [20] as a function of the value of the parameter which is kept constant while the other
parameters are refitted to the dataset.
The new correlation is compared with the original correlation of Choi et
al. [20] in Figure 10. The MAE and MRE is reduced to 11.7% and 0.292%
respectively. The MRE is almost zero which means that there is on average no
under- or overprediction.
Table 3: The performance of the new correlation for other R245fa datasets in literature. (o =
original correlation of Choi et al. [20]; n = new correlation; EB20% = number of measurements
within the 20% error band)
di [mm] MAEo [-] MAEn [-] MREo [-] MREn [-] EB20%,o EB20%,n
Bortolin et al. [25] 0.96 0.301 0.181 0.148 0.0165 10 of 18 13 of 18
Pike-Wilson et al. [26] 1.1 0.668 0.629 0.171 0.125 87 of 346 93 of 346
Consolini et al. [27] 0.5-0.8 0.264 0.234 0.257 0.226 33 of 72 33 of 72
Ong et al. [28] 1 0.272 0.236 0.227 0.189 36 of 98 46 of 98
Tibirica et al. [14] 2.3 0.711 0.200 0.549 0.0644 59 of 90 72 of 90
Finally, this new correlation was also verified with R245fa datasets of other
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Figure 10: Performance of the original and adapted version of the correlation of Choi et al. [20]
for the combined dataset. (I = Intermittent flow; A = Annular flow)
authors. The improvement of the MRE and MAE can be found in table 3. In
general, the fit of all datasets improves. However, only the set of Tibirica et
al. [14] improves significantly. This is also the only dataset with a similar tube
diameter. Furthermore, 71% of the data points are annular flow when the flow
pattern map of Kattan et al. [29] is used. The other sets have much smaller
tube diameters and are actually micro-tubes where the effect of surface tension
gains importance.
4. Conclusions
This work presented 241 unpublished experimental heat transfer measure-
ments of R245fa in a tube with an inner diameter of 3 mm and discussed the
influence of the saturation temperature, mass flux, heat flux and vapour quality
on the heat transfer coefficient.
The heat transfer coefficient respectively increased and decreased with an
increasing mass flux at a low and high saturation temperature. Furthermore,
the heat transfer coefficient increased with increasing vapour quality at a low
saturation temperature. On the contrary, the heat transfer coefficient decreased
at higher saturation temperatures. Hence, the influence of vapour quality and
mass flux on the heat transfer coefficient is dependent of the saturation temper-
ature.
The combined dataset of this work (241 data points) and Charnay et al. [10]
(973 data points) is best predicted by the correlation of Choi et al. [20]. However,
the experimental data of the annular flow is overpredicted. A new flow regime
dependant correlation for R245fa was proposed. The new correlation is exper-
imentally validated for tubes with an inner diameter of 3 mm, a temperature
range of 40 ◦C to 125 ◦C, a mass flux between 100 kg/(m2·s) and 1000 kg/(m2·s)
and a heat flux between 10 W/m2 and 50 W/m2. Finally, this new correlation
was also verified with R245fa datasets of other authors.
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Nomenclature
avg average Bo Boiling number
Cp specific heat capacity d diameter
Eo Eo¨tvo¨s number F flow enhancement factor
Fr Froude number G mass flux
g standard gravity hlg latent heat
k thermal conductivity L length
M molar mass MAE mean absolute error
max maximum MRE mean relative error
P pressure P [A] probability of an annular flow
pr relative pressure (=
Psat
Pcrit
) q˙ heat flux
R2 coefficient of determination S boiling suppression factor
T temperature x vapour quality
X Lockhart-Martinelli parameter Xtt turbulent Lockhart-Martinelli
parameter
Greek symbols
α heat transfer coefficient ρ density
φ2 two-phase frictional multiplier µ dynamic viscosity
Subscripts
A annular I intermittent
cb convective boiling l liquid
crit critical nb nucleate boiling
evap evaporator o outer
exp experimental ph preheater
g gas pred predicted
i inner sat saturation
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